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tin and Colman, 2002; Schuster et al., 1996; Sone et
al., 2000). The coexistence of synaptic vesicle recycling
machinery and intracellular signaling molecules within
the periactive zone has lead to speculation that this
could be a site of coordinate control for synapse mor-
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Among the proteins that localize to the periactive
zone, Dap160/Intersectin has emerged as a strong can-
didate to function as both a scaffold for essential endo-Summary
cytic proteins and as an important signaling adaptor
involved in the regulation of the actin cytoskeleton andDap160/Intersectin is a multidomain adaptor protein
MAP Kinase signaling. This prior work has focused pri-that colocalizes with endocytic machinery in the peri-
marily on in vitro biochemistry and protein overexpres-active zone at the Drosophila NMJ. We have generated
sion studies (Zamanian and Kelly, 2003; Irie and Yama-severe loss-of-function mutations that eliminate Dap160
guchi 2002; McPherson, 2002; Hussain et al., 2001; Tongprotein from the NMJ. dap160 mutant synapses have
et al., 2000; Simpson et al., 1999). Here, we present adecreased levels of essential endocytic proteins, in-
genetic analysis of the dap160 gene, the Drosophilacluding dynamin, endophilin, synaptojanin, and AP180,
homolog of vertebrate intersectin. We provide geneticwhile other markers of the active zone and periactive
evidence that dap160 is necessary, not only to scaffoldzone are generally unaltered. Functional analyses
essential components of the synaptic vesicle endocyticdemonstrate that dap160 mutant synapses are unable
machinery to the periactive zone, but also to controlto sustain high-frequency transmitter release, show
periactive zone signaling systems that are necessaryimpaired FM4-64 loading, and show a dramatic in-
for normal synapse development.crease in presynaptic quantal size consistent with de-
Dap160 is a multidomain adaptor protein that wasfects in synaptic vesicle recycling. The dap160 mutant
identified in Drosophila as a protein able to associatesynapse is grossly malformed with abundant, highly
with membranes and to bind the essential endocyticramified, small synaptic boutons. We present a model
protein dynamin (Roos and Kelly, 1998). Dap160 is com-in which Dap160 scaffolds both endocytic machinery
posed of two N-terminal Eps15 homology domains (EH1and essential synaptic signaling systems to the periac-
and EH2), a coiled-coil region, and four Src homologytive zone to coordinately control structural and func-
domains (Figure 1A, SH3A-D; Roos and Kelly, 1998).tional synapse development.
Biochemical experiments demonstrate that Dap160 as-
sociates with membranes and binds dynamin via an
Introduction
interaction with the SH3 domains (Roos and Kelly, 1998;
Verstreken et al., 2003). Additional biochemical interac-
The neuronal synapse is a highly organized intercellular tions have been defined in Drosophila, including SH3-
junction that includes the active zone, the site of synap- mediated interactions with synaptojanin and synapsin
tic vesicle fusion, and an immediately adjacent periac- (Roos and Kelly, 1998; Verstreken et al., 2003). Dap160 is
tive zone region. Although a considerable amount is concentrated to a region of the neuromuscular synapse
known regarding the assembly and organization of the that precisely surrounds the active zone, the periactive
active zone, less is known about the organization of the zone (Roos and Kelly, 1999). The ability of Dap160 to
periactive zone (Conroy et al., 2003; Dustin and Colman, associate with membranes, its interaction with dynamin,
2002; El Husseini et al., 2002; Sone et al., 2000; Walikonis and its localization to the periactive zone has lead to
et al., 2000). The periactive zone is a site of high-fidelity the hypothesis that Dap160 may localize endocytic pro-
synaptic vesicle endocytosis mediated by a network of teins to the periactive zone region to facilitate synaptic
endocytic proteins and accessory adaptor molecules vesicle endocytosis (Roos and Kelly, 1998).
that localize to this site (Roos and Kelly, 1999; Slepnev Intersectin is the vertebrate homolog of Dap160. There
and De Camilli, 2000). Although biochemical interactions are two Intersectin isoforms (Figure 1A). The short iso-
among many of the essential endocytic proteins have form (Intersectin 1s) is ubiquitously expressed and con-
been investigated, it remains unclear how this network sists of two EH domains, a coiled-coil domain, and five
of endocytic proteins is organized at the synapse, SH3 domains (one more SH3 domain than present in
in vivo, to achieve high-fidelity synaptic vesicle endocy- Dap160). A second isoform of Intersectin (Intersectin 1L)
tosis. Interestingly, the periactive zone is also rich with is predominantly expressed in neurons and includes
signaling and cell adhesion molecules that are neces- three additional C-terminal domains, a Dbl homology
sary for synapse formation, maintenance, and plasticity domain (DH), a pleckstrin homology domain (PH), and
(Sanes and Lichtman, 1999; Goda and Davis, 2003; Dus- a C2 domain (Figure 1A; Hussain et al., 1999). The DH
and PH domains of Intersectin can function as a guanine
nucleotide exchange factor (GEF) for Cdc42 and can*Correspondence: gdavis@biochem.ucsf.edu
thereby modulate Cdc42/WASP-mediated regulation of1Present address: Neurogenetics, Inc., 11085 North Torrey Pines
Road, Suite 300, La Jolla, California 92037. the actin cytoskeleton (Hussain et al., 2001; Zamanian
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Figure 1. Schematic Structure of the Inter-
sectin and Dap160 Proteins and Organization
of the Dap160 Locus
(A) Intersectin and Dap160 protein structures.
Intersectin and Dap160 both contain two
amino-terminal Eps15 homology domains
(EH, blue box), a coiled-coil domain (CC, black
oval), and five (for Intersectin) or four (in
Dap160) Src homology 3 domains (SH3, yel-
low boxes). The Intersectin long isoform (1L)
possesses a Dbl homology domain (DH, light
gray oval), a pleckstrin homology domain (PH,
dark gray oval), and a C2 domain (C2, open
oval) that are not present in the short Inter-
sectin isoform (1s) or in Dap160. Biochemi-
cally defined protein-protein interactions with
Dap160/Intersectin are indicated (arrows). In
the Dap160 schematic diagram, Q24 (red)
shows the site corresponding to the location
of the frame shift affecting the dap160Q24
allele.
(B) Genomic organization of the dap160 locus
is shown, including the position of neigh-
boring genes with orientation when known
(BDGP). The breakpoints of the different defi-
ciencies used in this study are indicated as
is the approximate site of the Q24 mutation,
and the approximate location of the transpos-
able element used in this study are shown.
and Kelly, 2003). Like Dap160, Intersectin binds several evidence for impaired vesicle recycling and altered vesi-
cle formation. Interestingly, dap160 mutations causeessential endocytic proteins and localizes to Clathrin-
coated pits via its EH domains (Figure 1A; Hussain et severe changes to synapse morphology that are not
observed in other endocytic mutants that have beenal., 1999). A dominant-negative approach in cell culture
has implicated Intersectin 1s in the mechanisms of syn- analyzed to date, including synaptojanin or endophilin
(Verstreken et al., 2002, 2003). Based on these data, weaptic vesicle endocytosis. Expression of Intersectin
SH3 domains, either alone or in combination, disrupts present a model in which Dap160 coordinates synaptic
signaling systems within the periactive zone that areClathrin-mediated endocytosis in mammalian cell cul-
ture (Pucharcos et al., 2000; Sengar et al., 1999; Simpson necessary for the regulation of both synaptic vesicle
endocytosis and synaptic growth. As such, Dap160 mayet al., 1999). It is hypothesized that the overexpressed
SH3 domains titrate endogenous, essential endocytic be uniquely situated to coordinate changes in synaptic
structure and function during development and synap-proteins away from sites of Clathrin-mediated endocyto-
sis. These data support the idea that Dap160/Intersectin tic plasticity.
may function to scaffold endocytic machinery to facili-
tate high-fidelity, Clathrin-mediated endocytosis. How-
ever, no study has yet examined a synapse lacking Results
Dap160/Intersectin to test the required function of this
protein during synaptic vesicle recycling in vivo. A Genetic Analysis of dap160; Generation
of Loss-of-Function MutationsIn Drosophila, dap160 lacks the DH, PH, and C2 do-
mains of Intersectin 1L that appear to be involved in the We have employed standard genetic techniques to gen-
erate strong loss-of-function mutations in the dap160regulation of the actin cytoskeleton. This might suggest
that Dap160 lacks these signaling properties. However, gene. We first identified a P element inserted in the
5 untranslated region of the dap160 gene, EP(2)2543in Drosophila, the GEF activity encoded in the Intersectin
1L isoform could be encoded in a separate Drosophila (Figure 1B). We sequenced flanking DNA to confirm the
location of this P element insertion. Despite the locationprotein that functions with Dap160 at the synapse. Thus,
it is possible that Dap160 could organize the same endo- of this P element within the dap160 locus, we find that
Dap160 protein is still highly expressed at the Drosophilacytic and morphological signaling events that are pro-
posed for vertebrate Intersectin. NMJ based upon antibody staining with a previously
characterized Dap160 antibody (Roos and Kelly, 1998).We have undertaken a genetic analysis to test the
function of Dap160 at the neuromuscular junction (NMJ) To generate mutations in dap160, we next made small
deletions originating from the EP(2)2543 P element us-in vivo. We have isolated severe loss-of-function muta-
tions in the dap160 gene that eliminate Dap160 protein ing the technique of male recombination (Preston et
al., 1996). We generated a deletion that begins at thefrom the NMJ. An analysis of these mutant synapses
provides evidence that Dap160 is necessary to scaffold EP(2)2543 insertion and removes the Dap160 locus
as well as several downstream genes. This deletion,essential endocytic proteins to the periactive zone. An
essential role for Dap160 in the mechanisms of endocy- Df(2)25431, is particularly useful because the breakpoint
(confirmed by sequence analysis) is within the dap160tosis is supported by functional analyses that provide
Dap160 Controls Synapse Growth and Function
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Figure 2. Dap160 Protein Is Absent from the Synapse of dap160Q24 Homozygous Animals
(A) Anti-HRP immunoreactivity (green, Anti-HRP) delineates the presynaptic membrane of the NMJ at muscle 4 in both wild-type and dap160Q24
homozygous animals. Immunoreactivity to Dap160 (red, Anti-Dap160) is highly concentrated at the NMJ in wild-type synapses but is absent
from dap160Q24 homozygous synapses.
(B) The anti-Intersectin antibody raised against the N-terminal EH domains of mouse Intersectin cross-reacts with Dap160 protein at wild-
type synapses (Anti-Intersectin, red). Anti-Intersectin immunoreactivity is eliminated at the synapse in dap160Q24 homozygous animals.
gene, and the entire dap160 coding region is removed these data, we conclude that the dap160Q24 mutation
does not produce a stable truncated protein and, there-(Figure 1B).
To identify mutations specific to the dap160 gene, we fore, is likely to be a protein null mutation at the NMJ.
screened a collection of mutations that map to the 39A
region (D. Huen, personal communication). We selected Dap160 Is an Essential Gene in the
Nervous Systemfor mutations that failed to complement the lethality of
both Df(2)25431 and Df(2)10523#35 (D. Huen, personal dap160 mutations (dap160Q218, dap160Q24, and dap160Q24/
Df(2)10523#35) are lethal at midlarval stages. Mutant lar-communication; see Figure 1B). Mutations that fail to
complement both deficiencies map to a region that in- vae are sluggish and stop moving in late larval stages
prior to lethality. If mutant animals are carefully rearedcludes only four genes. We identified a single comple-
mentation group that failed to complement both of these on nutrient-rich plates, without competition from wild-
type animals, then larvae can survive to the third larvaldeficiency chromosomes. This complementation group
consists of two mutations, now called dap160Q24 and instar. However, we never observe dap160 mutant ani-
mals of these genetic combinations that survive to thedap160Q218. We were successful in identifying the molec-
ular lesion associated with one of these two mutations, adult stage. Importantly, the dap160Q24/Df(2)10523#35
mutant animals die at the same larval stage as the homo-dap160Q24. This mutation is a 4 base pair deletion that
creates a frame shift after the codon encoding for zygous dap160Q24 animals. These genetic data agree
with our antibody staining, suggesting that the dap160Q24Gly286. The frame shift allows an additional 100 amino
acids to be translated downstream of Gly286 that are mutation is a strong loss-of-function, possibly genetic
null, mutation.not homologous to the Dap160 protein. A new stop codon
then occurs at amino acid 386. The predicted truncated The lethality of the dap160 mutations demonstrates
that dap160 is an essential gene. Embryonic RNA in situprotein in the dap160Q24 mutant, therefore, consists of
the two EH domains, seven amino acids downstream hybridization data generated by the Berkeley Drosophila
Genome Project (BDGP) show that dap160 messageof the EH2 domain, and 100 amino acids of nonhomolo-
gous sequence (Figure 1B). is highly expressed in the embryonic nervous systems
(P. Tomancak et al., personal communication). StainingWe next assayed whether any Dap160 protein is pres-
ent at the Drosophila NMJ in the dap160Q24 homozygous with the Dap160 antibody demonstrates that dap160
continues to be expressed at high levels throughoutmutation. We find that Dap160 immunostaining is elimi-
nated from the NMJ in dap160Q24 homozygous animals larval development in both central and peripheral neu-
rons (data not shown). To confirm the neuron-specific(Figure 2). However, the Dap160 antibody that we use
is a polyclonal antibody raised to a protein fragment function of dap160, we generated transgenic animals
that harbor a full-length dap160 cDNA under UAS con-that did not include the two EH domains of Dap160
(Roos and Kelly, 1998). Thus, staining with this Drosoph- trol. UAS-dap160 was then expressed in neurons in the
dap160Q24 homozygous mutant background using a neu-ila antibody does not allow us to determine whether a
truncated Dap160 protein is expressed and trafficked ral-specific GAL4 driver (elav-GAL4C155). These animals
were rescued to adult viability. These adult rescued ani-to the NMJ in the dap160Q24 animals. Therefore, we
turned to a polyclonal antibody raised against the EH mals are fertile and are able to fly, demonstrating that
dap160 is an essential neuronal gene.domains of mouse Intersectin (Zamanian and Kelly,
2003). This antibody recognizes Drosophila Dap160 pro-
tein on both Westerns (data not shown) and in immuno- Dap160 Colocalizes with Endophilin and Dynamin
in the Periactive Zonecytochemistry experiments in situ (Figure 2B). We find
that the dap160Q24 homozygous mutation also com- Biochemical data in vertebrate and Drosophila systems
demonstrate that Dap160/Intersectin is a multidomainpletely eliminates immunostaining at the NMJ using the
vertebrate Intersectin antibody (Figure 2B). Based on adaptor protein that is able to interact with several mem-
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Figure 3. Dap160 Subcellular Localization
(A) Two synaptic boutons from a wild-type
synapse are shown stained for Dap160 (red
in merge) and the presynaptic active zone
marker nc82 (green in merge). Dap160 local-
izes to a region that surrounds the presynap-
tic active zone as defined by nc82, termed
the periactive zone.
(B) Two synaptic boutons from a wild-type
synapse are shown stained for Dap160 (red
in merge) and Fasciclin II (Fas II, green in
merge). Both proteins are concentrated in a
honeycomb pattern within the periactive zone
region, but these proteins do not show sub-
stantial colocalization in the merged image.
(C) Two synaptic boutons from a wild-type
synapse are shown stained: Dap160 (red in
merge) and endophilin (green in merge).
These two proteins are strongly colocalized
within the periactive zone.
(D) Two synaptic boutons from a wild-type
synapse are shown stained for dynamin (red
in merge) and endophilin (green in merge).
These two proteins strongly colocalize at the
periactive zone.
bers of the endocytotic machinery, including dynamin, Dap160 Scaffolds the Endocytic Machinery
in the Periactive Zonesynaptojanin, Eps15, and Epsin1/2 (Figure 1A; Roos and
Kelly, 1998; Sengar et al., 1999; Verstreken et al., 2003; In order to determine whether Dap160 is necessary for
the periactive zone localization of essential endocyticYamabhai et al., 1998). It has also been shown in Dro-
sophila that Dap160 localizes to a periactive zone region proteins, we first assessed the abundance of endophilin
and dynamin at wild-type and dap160 mutant synapses.that surrounds the active zone where much of the endo-
cytic machinery resides (Roos and Kelly, 1999). Based As controls, we quantified the abundance of nc82, a
presynaptic active zone marker that does not overlapon these and other data, it has been hypothesized that
Dap160/Intersectin may serve as an essential scaffold with Dap160 antibody staining (Figure 3A; Wucherpfen-
nig et al., 2003), and anti-HRP, which is a presynapticfor the endocytic machinery. Here, we first confirm that
Dap160 localizes to a periactive zone region that sur- membrane marker (Eaton et al., 2002). The staining in-
tensity of Fas II was also measured as a control, sincerounds the presynaptic active zone as defined by the
presynaptic active zone marker nc82 (Figure 3A; Wuch- Fas II is concentrated at the NMJ but does not precisely
colocalize with Dap160 (Figure 3B). Synapses at muscleerpfennig et al., 2003). In this periactive zone region, we
find that Dap160 colocalizes with endophilin (Figure 3C). 4 were imaged, and the average staining intensity of
endophilin, dynamin, nc82, anti-HRP, and Fas II wasWe also show that endophilin colocalizes with dynamin
(Figure 3D), indicating that all three proteins are found measured at the NMJ. In every experiment, wild-type
and dap160 mutant synapses were dissected andcolocalized within the same periactive zone region. The
cell adhesion molecule Fasciclin II (Fas II) is also concen- stained in the same reaction tube and then imaged iden-
tically. The average fluorescence intensity of each anti-trated in the periactive zone (Figure 3B). However, the
anti-Fas II and anti-Dap160 immunoreactivity do not pre- body was measured across the entire synaptic terminal
area. Average fluorescence intensities were then ex-cisely colocalize (Figure 3B). These data suggest that
Fas II may concentrate to a different periactive zone pressed as F/F comparing the average synaptic fluo-
rescence intensity to the average muscle backgroundregion from Dap160, endophilin, and dynamin. We are
aware that there is also significant postsynaptic Fas II fluorescence intensity. By this measure, we find that
there is a significant reduction in the abundance of bothlocalization at the NMJ, and the different pattern of Fas
II localization may reflect a postsynaptic versus presyn- endophilin and dynamin at the NMJ of both dap160Q24
homozygous mutants and dap160Q24/Df(2)10523#35 het-aptic localization pattern (Schuster et al., 1996). How-
ever, Fas II functions as a homophilic cell adhesion mol- erozygous animals (Figure 4). Importantly, presynaptic
expression of the UAS-dap160 transgene in theecule at the Drosophila NMJ and, therefore, we expect
that Fas II staining will reflect the distribution of this dap160Q24 mutant background completely restores nor-
mal protein abundance for endophilin and dynamin,protein in both the pre- and postsynaptic compartments
(Schuster et al., 1996). demonstrating that the abundance of these endocytic
Dap160 Controls Synapse Growth and Function
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Figure 4. The Abundance of Endophilin and
Dynamin Is Reduced at dap160 Mutant NMJ
(A and B) Representative wild-type and
dap160 mutant synapses at muscle 4 show
that dynamin (A) and endophilin (B) abun-
dance is reduced at the dap160 mutant syn-
apse compared to wild-type. In (A) and (B),
the larger images show low-magnification
views of the synapse presented at identical
exposures. A bracket indicates the region
within each synapse that is shown at higher
magnification to the right. Higher-magnifica-
tion (2) insets are presented at higher expo-
sure to reveal residual protein localization at
the mutant synapse. The insets shown within
(A) and (B) are presented at identical expo-
sures, allowing comparison between wild-
type and mutant synapses.
(C) We quantified fluorescence intensity as a
measure of endophilin, dynamin, Fas II, HRP,
and nc82 abundance at the NMJ of muscle
4. Endophilin levels are decreased by 57%
(p  109; Student’s t test) and 42% (p 
0.0005) compared to wild-type (n  20) in
dap160Q24 homozygous (n  17) and
dap160Q24/Df10523#35 (n  13) synapses, re-
spectively. Dynamin levels decreased by
52% (in dap160Q24, n  17, p  107) and
61% (dap160Q24/10523#35, n  13, p  106)
compared to wild-type (n 20). Normal levels
of expression are restored in dap160Q24 ho-
mozygous animal that are rescued by neuronal expression of Dap160 cDNA (n  12). Fas II abundance is not significantly affected in the
dap160Q24 homozygous NMJ (n  17), but a reduction in protein levels (31% decrease; p  0.001) is apparent in the dap160Q24/Df10523#35 (n 
13). The abundance of the presynaptic membrane marker HRP is not significantly changed in the dap160Q24/Df10523#35 animals compared to
wild-type (93%  7%; n  12; p  0.37). The abundance of the active zone marker nc82 at dap160Q24/Df10523#35 synapses is also unchanged
when compared to wild-type synapses (105%  5%; n  9; p  0.47). Each genotype is identified in the legend at the right.
proteins is dependent upon the presence of Dap160 scaffolding essential endocytic proteins such as dy-
namin and synaptojanin, may indirectly scaffold other(Figure 4, Rescue). Furthermore, there is no change in
the fluorescence intensity of either nc82 or HRP in the members of the endocytic machinery. Second, while
protein abundance of dynamin and endophilin is signifi-dap160Q24/Df(2)10523#35, demonstrating the specificity
of the effect on endophilin and dynamin abundance (Fig- cantly decreased, these endocytic proteins are still pres-
ent at the synapse (Figures 4A and 4B). It can alsoure 4). Finally, Fas II abundance is unchanged in the
dap160Q24 homozygous animals, and we observe a mod- be seen that residual dynamin and endophilin are not
uniformly distributed at the Dap160 mutant synapse.est reduction in the dap160Q24/Df(2)10523#35 animals.
These data indicate that Fas II, which is a periactive These data are consistent with a model in which Dap160
is necessary to organize essential endocytic proteins atzone protein, is sensitive to the absence of Dap160, but
less so than the essential endocytic proteins dynamin the synapse but is not absolutely required for protein
stability. Protein-protein interactions among other endo-and endophilin. Together, these data suggest that
Dap160 is primarily involved in scaffolding endocytic cytic proteins (Slepnev and De Camilli, 2000) may be
sufficient to maintain low levels of endocytic protein andmachinery to the periactive zone of the presynaptic
nerve terminal. To further substantiate this hypothesis, some remnant of protein organization at the synapse in
the absence of Dap160.we have quantified the abundance of two additional
accessory proteins involved in synaptic vesicle endo- Since Fas II protein abundance was slightly impaired
in the dap160 mutant background, we assayed whethercytosis, AP180 and synaptojanin (Zhang et al., 1998;
Verstreken et al., 2003). The levels of AP180 and syn- the distribution of Fas II and nc82 are disrupted at
dap160 mutant synapses. nc82 is a monoclonal anti-aptojanin are significantly decreased in the dap160Q24/
Df(2)10523#35 animals compared to wild-type (AP180 is body that precisely labels the presynaptic active zone
(Wucherpfennig et al., 2003) and is present in direct57% of wild-type, p  0.001, n  12; synaptojanin is
53% of wild-type, p  0.001, n  14). Thus, our data apposition to postsynaptic glutamate receptors clusters
at the NMJ (Figure 3A; S.D. Albin and G.W.D., unpub-support the hypothesis that Dap160 is necessary for the
normal scaffolding of at least four essential endocytic lished data). We find that the highly organized distribu-
tion of both Fas II and nc82 are normal at the dap160proteins (dynamin, endophilin, AP180, and synaptojanin)
to the periactive zone at the Drosophila NMJ. mutant synapse (Figure 5). Fas II remains concentrated
in a honeycomb-like, periactive zone distribution. nc82There are two aspects of this analysis worth noting.
First, Dap160 has not been shown to bind endophilin or remains concentrated to individual active zone puncta
that have a normal size and intensity. Many regions ofAP180 directly. These data suggest that Dap160, by
Neuron
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Figure 5. Synapse Organization Is Maintained at the dap160 Mutant NMJ
(A) The periactive zone honeycomb-like organization of Fas II appears grossly normal at the dap160 mutant synapse, including large gaps in
staining throughout the NMJ (the wild-type synapse presented here includes a bouton that is presented in Figure 3B).
(B) The presynaptic membrane marker anti-HRP is used to delineate the synapse (left). The staining intensity and gross organization of the
active zone marker nc82 (right) is unchanged in dap160 mutants, even though the morphology of the mutant synapse is transformed. nc82
is confined to puncta of qualitatively normal dimension and density.
the dap160 mutant synapse are too highly ramified to suggest that Dap160 is necessary for normal vesicle
recycling. Since the abundance of both dynamin andallow this type of analysis (see below). In these experi-
ments, regions of the Dap160 mutant synapse were se- endophilin is reduced in the dap160 mutation, we sus-
pect that the deficit in vesicle recycling is due to im-lected that had large synaptic boutons that allow us to
visualize protein distributions within individual synaptic paired endocytosis as a consequence of poorly scaf-
folded endocytic machinery.boutons (Figure 5A). Each NMJ was double stained for
Dap160 and either FasII or nc82 to ensure that Dap160 To further assay the defect in synaptic vesicle endocy-
tosis, we assessed loading of the styryl dye FM4-64.protein was absent from the synaptic regions that we
analyzed (Figure 5). We have also assayed anti-Futsch FM4-64 loading and unloading was achieved using stan-
dard protocols in wild-type and dap160Q24/Df(2)10523#35staining, which visualizes the presynaptic microtubule
cytoskeleton (Roos et al., 2000). We find no obvious mutant animals. In these experiments, the synapse was
stimulated for 1 min at 30 Hz. The synapse was repeat-change in the intensity or organization of Futsch at the
dap160Q24/Df(2)10523#35 NMJ. Prominent microtubule edly washed in calcium-free saline for 5 min prior to
imaging. We observe a statistically significant decreaseloop structures are still apparent, and we observe Futsch
immunostaining in the majority of synaptic boutons, in- in FM4-64 loading in the dap160Q24/Df(2)10523#35 mutant
animals compared to wild-type (Figure 6C). FM4-64cluding satellite boutons (data not shown). These data
support the hypothesis that Dap160 scaffolds a specific unloading after restimulation was confirmed in all pre-
parations. These data are consistent with the slow,subset of synaptic proteins and is not necessary for
gross subsynapse organization. monotonic decrease in EPSP amplitude observed elec-
trophysiologically during high-frequency stimulation
(Figures 6A and 6B). These data support the hypothesisDap160 Is Necessary for Normal Synaptic
that Dap160 is necessary to scaffold the endocytic ma-Vesicle Recycling
chinery to ensure efficient synaptic vesicle endocytosis.As a first test of whether Dap160 is necessary for normal
synaptic vesicle recycling, we determined whether
dap160 mutant synapses can sustain high-frequency Steady-State Release at Dap160 Mutant NMJ
We next analyzed synaptic function at steady state toneurotransmitter release in high-calcium saline. We
stimulated control, dap160Q24/Df(2)10523#35, and rescue determine whether neurotransmitter release is perturbed
in the dap160 mutant background. To do so, we re-synapses at 13.3 Hz in 2 mM extracellular calcium saline
for 4 min. This stimulus protocol elicits maximal vesicle corded from wild-type, heterozygous controls, dap160
mutants, and UAS-dap160 rescue animals in 0.5 mMrelease without causing strong muscle contraction. At
2 mM calcium, the initial EPSP amplitudes were compa- extracellular calcium saline. Reducing extracellular cal-
cium to 0.5 mM decreases evoked release to levelsrable in control and dap160 mutant synapses. Under
these conditions, control synapses (dap160Q24/), and where it is possible to detect small changes in the num-
ber of synaptic vesicles released per action potentialrescue synapses (elav-GAL4C155; dap160Q24/dap160Q24;
UAS-dap160) were able to sustain evoked release with- (Davis and Goodman, 1998; Paradis et al., 2001).
The most striking change in basal synaptic transmis-out decrement for 4 min (Figures 6A and 6B). However,
the dap160Q24/Df(2)10523#35 mutant synapse showed a sion in the dap160 mutant background is an increase
in the average amplitude of the spontaneous miniatureslow monotonic decline in the average EPSP amplitude
(Figures 6A and 6B). Following the 13.3 Hz stimulation, release event (mEPSP). The average mEPSP amplitude
is increased by 60% compared to wild-type and het-single test stimuli were delivered at 30 s intervals to
measure recovery from synaptic depression. In each erozygous controls (Figures 7A and 7E). The increase
in mEPSP amplitude cannot be accounted for by acase, test stimuli showed that EPSP amplitudes recover
to prestimulus levels in less than 4 min. These data change in the resting membrane potential or input resis-
Dap160 Controls Synapse Growth and Function
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Figure 6. Dap160 Is Necessary for Normal Synaptic Vesicle Recycling
(A) Synapses from wild-type, dap160Q24/, dap160Q24/Df10523#35, and rescue animals (elaV C155-GAL4/; dap160Q24/dap160Q24; UAS-dap160/)
were stimulated at 13.3 Hz in 2 mM Ca2 saline for 4 min. Data are binned at 30 s intervals and normalized to the first EPSP amplitude bin.
The dap160 mutant synapses show a slow monotonic decrease in average EPSP amplitude during stimulation when compared to wild-type
and dap160Q24/ control animals. Neuronal expression of a UAS-dap160 cDNA in the dap160Q24 mutant background (rescue) restores the
ability of the synapse to sustain constant presynaptic release under these stimulation conditions.
(B) Representative traces of dap160Q24/, dap160Q24/Df10523#35, and rescue animals during high-frequency stimulation. After 4 min, single test
stimuli were delivered at 30 s intervals to assess recovery from stimulus-dependent synaptic depression.
(C) FM4-64 uptake is reduced at dap160 mutant synapses compared to wild-type. Larval fillet were stimulated at 30 Hz for 1 min in 10 	M
FM4-64 in HL3 (0.5 mM Ca2) and washed in calcium-free HL3 for 5 min before imaging. dap160Q24/Df10523#35 synapses show dye uptake
that is 50.4% (p  0.015) of wild-type synapses (n  4).
tance since both of these parameters are wild-type in regulation of vesicle size. In either case, these data indi-
cate that Dap160 has an essential role in vesicle refor-the dap160 mutant background. Furthermore, the in-
crease in mEPSP amplitude is specific to the dap160 mation. In conclusion, we present several lines of evi-
dence in support of altered vesicle recycling at dap160mutation since mEPSP amplitudes are restored to wild-
type amplitudes when UAS-dap160 is expressed neu- mutant synapses, including a decline in EPSP amplitude
during persistent, high-frequency stimulation, impairedronally in the dap160 mutant background (Figures 7A
and 7E). Mutations in other endocytic proteins such as FM4-64 loading, and increased presynaptic quantal
size. This conclusion is further supported by ultrastruc-endophilin and AP180 have been shown to increase
the average mEPSP amplitude at the Drosophila NMJ tural data presented in a companion paper examining
independently derived dap160 mutations (Koh et al.,(Verstreken et al., 2002; Zhang et al., 1998). The increase
in average mEPSP amplitude observed in dap160 mu- 2004, this issue of Neuron).
At 0.5 mM extracellular calcium, we also found a slight,tants is significantly larger than that reported for en-
dophilin but is nearly identical to that observed in AP180 statistically significant reduction in the average EPSP
amplitude (Figure 7B). We then calculated quantal con-mutant synapses (Verstreken et al., 2002; Zhang et al.,
1998). Since Dap160 is an essential presynaptic protein, tent, an estimate of the number of vesicles released
per action potential (average EPSP amplitude/averagewe think it likely that the change in mEPSP amplitude is
due to a presynaptic change in vesicle size or transmitter mEPSP amplitude; Figure 7C). We observe a significant
decrease in quantal content as a consequence of theloading as observed for endophilin and AP180. In sup-
port of this conclusion, an increase in vesicle size is smaller EPSP amplitude and larger average mEPSP
amplitude in the dap160 mutants. There are severalobserved ultrastructurally at independently derived
dap160 mutants (Koh et al., 2004). It is possible that the changes that could underlie the decrease in presynaptic
release that we observe. The change in presynaptic re-change in mEPSP amplitude observed in dap160 is due
to less-abundant or improperly scaffolded AP180 at the lease could be due to a decrease in the readily-releas-
able pool of synaptic vesicles caused by a chronicNMJ. Indeed, we observe a statistically significant 43%
decrease in AP180 at the dap160 mutant synapse. Alter- disruption of vesicle recycling during development. Al-
ternatively, Dap160 could be required to scaffold pro-natively, the dap160 phenotype may represent a com-
pound effect caused by the improper abundance or teins involved in vesicle release (Okamoto et al., 1999).
Finally, impaired vesicle release could be secondary toscaffolding of several endocytic proteins involved in the
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Figure 7. Neurotransmitter Release Is Per-
turbed in the dap160 Mutant
(A) Quantal size is increased in dap160Q24/
Df10523#35 mutant (open bar) compared to
wild-type, heterozygous control, and rescue
animals (p  0.001).
(B) Evoked release is significantly reduced
in dap160Q24/Df10523#35 animals (open bar).
Normal release is restored in rescue animals
(p  0.01).
(C) Quantal content (calculated by dividing
the average EPSP amplitude by the average
mEPSP) is significantly decreased in
dap160Q24/Df10523#35 animals (open bar)
compared to wild-type, heterozygous con-
trol, and rescue animals (p  0.001).
(D) There is no change in the probability of
observing a release event using a focal extra-
cellular recording electrode to monitor trans-
mitter release from a small area of wild-type
and dap160 mutant synapses. At right are
sample traces from wild-type and dap160
mutant synapses. The stars indicated stimuli
that failed to elicit a release event. Release
events can be clearly distinguished from the
noise. Arrows indicate spontaneous release
events. These spontaneous events can also
be clearly distinguished from the noise. Verti-
cal transients represent stimulus artifacts
(clipped for clarity).
(E) mEPSP amplitude histograms from repre-
sentative synapses of each genotype. Sam-
ple traces are shown (inset). The average
mEPSP amplitude and number of events
measured for each histogram are indicated.
the observed change in synapse morphology at dap160 (when the entire synapse is assayed using a sharp elec-
trode placed in the muscle cell) is caused by a decreasemutant synapses, detailed in the next section.
To distinguish between these possible mechanisms in the total number of release sites due to the severely
altered synapse morphology (detailed in the nextfor the observed decrease in evoked vesicle release at
the dap160 mutant synapse, we used focal extracellular section).
recordings to assay vesicle release at small sites within
the wild-type and dap160 mutant synapse. A polished Dap160 Controls Synaptic Growth
One of the most striking phenotypes that we observepatch electrode with an opening of approximately 3 	m
(approximately the diameter of a single bouton) was in the dap160 mutant background is an alteration to
synapse morphology at the NMJ. The wild-type NMJ atplaced over identified synaptic boutons as previously
described (Davis et al., 1997; Davis and Goodman, 1998). muscle 4 has a stereotyped morphology where synaptic
boutons of relatively uniform dimension are arranged inThis recording configuration allows stimulus-evoked re-
lease events to be clearly distinguished from the noise long chains with relatively little branching (Figure 8A).
By contrast, synapses at muscle 4 in the dap160 mutant(Figure 7D). At 0.5 mM calcium, a significant number of
failures are observed at the single bouton level, allowing are highly ramified, with many tiny synaptic boutons
branching from the primary axis of the nerve terminalone to calculate the probability of observing a release
event at single boutons (or equivalent synaptic area). (Figure 8B). We quantified this change in morphology
by first defining the major axis and primary branches ofThis measure estimates the synaptic efficacy of single
boutons, since each synaptic bouton contains multiple the NMJ on the muscle surface (Figure 8, red lines). We
then counted the number of small boutons that branchrelease sites. Recording electrodes were identical in the
wild-type and dap160 mutant recordings. We find that laterally off of the major axis of the synapse (Figure 8,
yellow circles). In previous studies, these small, laterallythe probability of observing a release event from a small
(3	m) region of the presynaptic terminal is statistically branched synaptic boutons have been termed “satellite
boutons” (Beumer et al., 1999; Torroja et al., 1999). Byidentical in wild-type and dap160 mutant synapses. Syn-
apse morphology is altered at the dap160 terminal, so this method of quantification, we observe an 8- to 12-
fold increase in the number of satellite boutons in thewe cannot state that only one bouton is included under
the extracellular electrode at the dap160 mutant syn- dap160 mutant background. The increase in satellite
boutons is observed in dap160Q24 homozygous animalsapse. Rather, we conclude that a similarly small synaptic
area was measured in wild-type and the dap160 mutant and dap160Q24/Df(2)10523#35 (Figure 8F). Importantly, the
number of satellite boutons is rescued to wild-type lev-synapse. These data indicate that exocytosis is not im-
paired at the dap160 mutant synapse. Instead, we be- els by neuronal expression of UAS-dap160 in the
dap160Q24 mutant background, demonstrating the speci-lieve that the observed decrease in quantal content
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ficity of this phenotype to loss of dap160 in neurons.
Thus, dap160 is necessary for normal synaptic growth
and bouton formation.
The morphology of the dap160 mutant synapse is
somewhat variable, with some synapses being highly
ramified and occupying a small area of the muscle sur-
face (Figure 8C), while other synapses are highly rami-
fied and still have a normal span on the muscle surface
(Figures 8B and 8D). However, dap160 mutant synapses
do not generally grow beyond the normal synaptic span
as has been observed in synaptic overgrowth mutations
such as highwire and spinster (Sweeney and Davis,
2002; Wan et al., 2000). Thus, dap160 appears to be
necessary for normal synaptic bouton formation or elab-
oration rather than being necessary for synaptic growth
suppression as is hypothesized for the highwire and
spinster genes. This satellite bouton phenotype is not
observed in other endocytic mutant backgrounds such
as endophilin and synaptojanin (Verstreken et al., 2002,
2003). Therefore, we hypothesize that altered signaling
in the absence of dap160 causes the observed develop-
mental defects in synaptic bouton formation and this
signaling deficit is independent of the role of dap160 in
vesicle recycling.
Intersectin has been implicated in the control of sig-
naling to the actin cytoskeleton during endocytosis, ves-
icle mobilization, and the maintenance of dendritic
spines in cultured neurons (McPherson, 2002; Slepnev
and De Camilli, 2000; Irie and Yamaguchi, 2002). In this
capacity, Intersectin binds to NWASP and signals via
Cdc42 (Hussain et al., 2001; Zamanian and Kelly, 2003).
Recently, a WASP interacting protein encoded by the
nervous wreck gene has been shown to cause satellite
bouton formation when mutated at the Drosophila NMJ
(Coyle et al., 2004). Interestingly, we find that Nervous
wreck protein levels are significantly decreased in
dap160Q24/Df(2)10523#35 mutant synapses (47% wild-
type levels; p  0.001, n  12). It should be noted,
however, that the nervous wreck mutant synapses show
only a 2-fold increase in satellite bouton formation and
this changes to a 4-fold increase in satellite bouton num-
Figure 8. Dap160 Is Required for Normal Synaptic Growth ber in the nervous wreck; WASP double mutant back-
ground (Coyle et al., 2004). The dap160 mutant pheno-Representative examples of synapses at muscle 4 are shown
stained with anti-HRP, marking the presynaptic membrane. (A) At type is more severe, showing a 10-fold increase in
left is a wild-type synapse. At right, the same synapse is marked to satellite bouton formation. However, these data do sug-
delineate our method of satellite bouton quantification. The major gest a mechanism that could contribute to the change
axes of the NMJ are defined (red lines). Small boutons that branch
in synapse morphology observed in dap160: altered sig-laterally from the major axis, or from the terminal synaptic bouton,
naling to the actin cytoskeleton via nervous wreckare identified as satellite boutons and delineated by yellow circles.
and WASP.(B) A representative synapse from dap160Q24/Df10523#35 at left. At
right, the same synapse is marked to show identification of numer-
ous satellite boutons (yellow circles) as in (A). (C) A severely affected Discussion
synapse from dap160Q24/Df10523#35 demonstrates the variation in
synapse perturbation observed in the dap160 mutant background.
We have generated strong loss-of-function mutations(D) A synapse from a dap160Q24 homozygous animal shows the same
in Drosophila dap160 (intersectin). An analysis of thephenotype of increased satellite bouton formation. (E) A represen-
tative synapse from a dap160 mutant expressing UAS-dap160 pre- dap160 mutant synapse reveals impaired synaptic vesi-
synaptically (rescue  elavC155-GAL4/; dap160Q24/dap160Q24; cle endocytosis that correlates with decreased synaptic
UAS-dap160). The synapse morphology is restored to wild-type. (F) abundance of the essential endocytic proteins dynamin,
Quantification of satellite bouton numbers per synapse in the
endophilin, AP180, and synaptojanin. Other moleculardap160 mutant synapses compared to wild-type and rescue ani-
markers of the active zone and periactive zone appearmals. Quantification methods are shown in (A) and (B). dap160Q24
normal in the dap160 mutant. These data are consistenthomozygous animals have, on average, 17.5 satellite boutons per
synapse (n  61; p  0.001); dap160Q24/10523#35 animals have 23.8 with a model in which Dap160 scaffolds the endocytic
satellite boutons (n  28), wild-type synapses have 1.9 satellite machinery at the periactive zone to achieve efficient
boutons (n  57), and rescue animals have 3.8 satellite boutons per synaptic vesicle endocytosis. However, this is not the
synapse (n  26).
only function of dap160 during synapse development.
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We also observe a striking defect in synapse morphol- suggesting that altered scaffolding of AP180 may be the
cause of this dap160 phenotype. This is consistent withogy at the third instar NMJ. The neuromuscular synapse
becomes highly ramified with abundant satellite boutons our observation that AP180 levels are significantly de-
creased in the dap160 mutant synapse, though a caus-emerging from the major axis of the NMJ. These data
indicate that dap160 also regulates synaptic signaling ative link remains to be established. Dap160 could scaf-
fold AP180 indirectly through EPS15 and Epsin bindingsystems that are required for normal synaptic bouton
formation and elaboration. Our results are in agreement (Hussain et al., 1999; Owen et al., 2000; Salcini et al.,
1999; Sengar et al., 1999). It is also possible that thewith data and analyses presented in an accompanying
paper (Koh et al., 2004). In total, our data and those dap160 phenotype is caused by a compound effect due
to decreased levels of several proteins involved in thefrom Koh et al. (2004) indicate that Dap160/Intersectin is
in a position to link the regulatory signaling mechanisms regulation of presynaptic quantal size. It is worth noting,
however, that the regulation of quantal size is indepen-that control morphological synapse development and
synaptic vesicle recycling. dent of the severity of impaired synaptic vesicle endocy-
tosis. For example, endophilin mutants reveal a severe
deficit in synaptic vesicle endocytosis but only a mildDap160 Scaffolds the Endocytic Machinery
increase in quantal size. By contrast, the dap160 mutantat the Drosophila NMJ
shows only mild deficits in synaptic vesicle endocytosisOur data demonstrate that Dap160 is a major scaffold
and a dramatic increase in quantal size. Thus, the regula-for the organization of the endocytic machinery to the
tion of quantal size is likely to be achieved by molecularperiactive zone. We demonstrate that the levels of dy-
mechanisms that can be separated from the essentialnamin, endophilin, AP180, and synaptojanin are de-
machinery necessary for membrane internalization.creased at the dap160 mutant synapse. Since Dap160
directly binds dynamin and synaptojanin (Roos and
Kelly, 1998), it is likely that Dap160 directly scaffolds Regulation of Synaptic Growth by Dap160
One of the most striking phenotypes observed in thethese proteins to the periactive zone. However, no direct
interaction has been reported between Dap160 and en- dap160 mutation is the change in the stereotyped mor-
phology of the Drosophila NMJ. The wild-type NMJ isdophilin or AP180 (Slepnev and De Camilli, 2000). There-
fore, the scaffolding of endophilin and AP180 may be highly stereotyped and is generally composed of linear
chains of synaptic boutons that have relatively uniformindirect (Roos and Kelly, 1998; Verstreken et al., 2003).
The essential function of Dap160 to scaffold the endo- dimensions (Roos et al., 2000). The dap160 mutant syn-
apse, by contrast, is highly ramified with an abundancecytic machinery is further suggested by the observation
that both dynamin and Dap160 levels are normal at the of small synaptic boutons. It seems unlikely that the
change in synapse morphology is a secondary conse-endophilin mutant synapse (Verstreken et al., 2003).
Thus, the endocytic scaffold is not broadly perturbed in quence of impaired synaptic vesicle endocytosis. The
synapse in endophilin mutations is smaller than normalthe absence of endophilin, although endophilin is re-
quired for the proper recruitment of synaptojanin to the and includes unusually large synaptic boutons, hypothe-
sized to result from impaired vesicle membrane retrievalNMJ. Therefore, based upon our data and data from
prior studies, we hypothesize that Dap160 serves as a (Verstreken et al., 2002). Thus, the endophilin mutation,
which severely impairs endocytosis, results in an oppo-focal point to organize and concentrate the endocytic
machinery within the periactive zone. This model is also site phenotype compared to dap160 mutations, produc-
ing decreased numbers of enlarged synaptic boutons.consistent with the relatively mild functional deficit in
endocytosis that we observe. Synaptic vesicle recycling Similarly, synaptojanin mutants show a severely im-
paired endocytosis but normal synaptic morphologyis perturbed at dap160 mutant synapses (Figure 6), but
this impairment is less severe than that observed in (Verstreken et al., 2003). Thus, we hypothesize that the
dap160 mutant synapse morphology is a consequencedynamin or endophilin mutations (Verstreken et al.,
2002). In this capacity, Dap160 may concentrate the of altered synaptic signaling that is normally scaffolded
or regulated by Dap160. Consistent with this possibility,endocytic machinery to the periactive zone, near the
plasma membrane, at a site where it is ready to mediate vertebrate Intersectin has been shown to bind the Ras-
GEF Son-of-sevenless (Sos; Tong et al., 2000). Ras-Mapcompensatory endocytosis in response to vesicle re-
lease. kinase signaling has been shown to have a role at the
Drosophila NMJ to control synapse size, but increasedWe also observe a dramatic increase in quantal size
at the dap160 mutant synapse. An increase in quantal satellite bouton formation was not documented (Koh et
al., 2002). The long isoform of vertebrate Intersectin alsosize has been observed in other endocytic mutant syn-
apses, most notably in the endophilin and AP180 muta- includes a C-terminal sequence that has GEF activity
toward the Rho-type GTPase Cdc42. Intersectin alsotions. Since Dap160 scaffolds the endocytic machinery
to the periactive zone and since it is required in the binds N-WASP, and evidence suggests that Intersectin
may regulate the actin cytoskeleton via these proteinpresynaptic nerve terminal (not in muscle), it is very likely
that the change in mEPSP amplitude is due to a change interactions (Hussain et al., 2001; Zamanian and Kelly,
2003). While Drosophila Dap160 does not include thein presynaptic quantal size. Indeed, analysis of indepen-
dently derived dap160 mutations confirms a change in DH-PH domains that would function to regulate small
GTPase signaling, it is possible that this activity couldelectrophysiological quantal size that correlates with a
change in vesicle size ultrastructurally (Koh et al., 2004). be contained within a separate protein that interacts
with Dap160 via one of the C-terminal SH3 domains.The change in mEPSP amplitude in dap160 is quantita-
tively similar to that observed in the AP180 mutation, The dap160 mutant synapse is characterized by the
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of 3 sequence flanking EP(2)2543. One recombinant, EP(2)25431,presence of highly ramified, small synaptic boutons.
was identified as missing genomic sequence 3 to EP(2)2543; PCRThree other genetic manipulations cause a similar trans-
confirmed that genomic sequence 5 to the P element insertion siteformation of the Drosophila NMJ. Integrin knockouts
was unchanged. EP(2)25431 was plasmid rescued using the EcoR1
have been shown to cause the formation of small “satel- site in the EP element (Rorth, 1996). Sequencing from the 3 end of
lite” boutons, though this phenotype is considerably the P element within the plasmid rescue clone identified a sequence
25 kb 3 to the insertion site of EP(2)2543, identifying EP(2)25431weaker than that observed in Dap160 (Beumer et al.,
as a 25 kb deletion. Two X-ray-generated complementation groups,1999). To our knowledge, no molecular or genetic inter-
M7 and Q24 (D. Huen, personal communication) were identified asaction between Dap160/Intersectin and integrins have
potential dap160 alleles by their complementation of a deficiencybeen observed. Overexpression of the Drosophila 
-amy-
Df(2)10523#17 (which breaks proximally from CG9253) but failure to
loid precursor protein (Appl) generates a synaptic phe- complement Df(2)10523#35 (which breaks proximally from CG12050).
notype that closely resembles that observed in dap160 Only one complementation group, Q24, failed to complement
EP(2)25431, excluding group M7 as potential dap160 mutant can-(Torroja et al., 1999). Notably, overexpression of trun-
didates. Complementation group Q24 comprised two alleles,cated Appl lacking the cytoplasmic domain, or a con-
dap160Q24 and dap160Q218. dap160Q218 is an inversion in (2LR)39A4-7;served internalization domain, does not generate this
het2R; D. Huen, personal communication). We characterized thesynaptic phenotype. These data suggest a possible link
molecular lesion of dap160Q24 by repeated sequencing of the dap160
between the absence of Dap160-mediated protein traf- genomic locus in the dap160Q24 stock.
ficking or scaffolding and the regulation of Appl-medi- To generate UAS-dap160, a full-length dap160 cDNA was sub-
cloned into pUAST. Dap160 cDNA was prepared by PCR from cDNAated synaptic signaling. Finally, the recently identified
prepared by SuperScript RT from adult fly head RNA. The forwardDrosophila gene nervous wreck causes satellite bouton
primer used was 5-GGATCCTATCATATAAA-3 and the reverseformation when mutated, though this phenotype is much
primer used was 5-AAATATAATTATGCCGA-3. The PCR productless severe than that observed at dap160 mutant syn-
was subcloned into pT-Adv (Clonetech) and confirmed by sequenc-
apses (Coyle et al., 2004). Interestingly, genetic data ing. This cDNA contains 300 bp 5 upstream nucleotides and 300
indicate that nervous wreck may function in the same bp 3 downstream nucleotides. Transgenic flies were generated
by standard methods. Insertions on the third chromosome weresignaling system with Drosophila WASP, though the ge-
selected for rescue experiments.netic data do not permit determination of whether ner-
vous wreck and WASP are in the same genetic pathway.
ImmunocytochemistryRegardless, the phenotype of satellite bouton formation
For the study of Nwk, AP180, and synaptojanin, wandering thirdin the nervous wreck mutant synapse and the reduction
instar larvae were dissected in HL3 saline, fixed, and treated as
in Nervous wreck protein levels at the dap160 synapse previously described (Coyle et al., 2004; Verstreken et al., 2003;
suggest a possible link between Dap160 and WASP Zhang et al., 1998). In other experiments, wandering third instar
function in Drosophila. larvae were dissected in HL3 saline and fixed with Bouin’s fixative
(Sigma) for 1 min. Primary antibodies were applied at 4C overnight.
The mouse nc82 antibody (1:10) was a gift from Erich Buchner. TheConclusion
mouse anti-FasII (1D4; 1:10) antibody was provided by the Develop-A genetic analysis of the dap160 gene, presented here,
mental Studies Hybridoma Bank. The affinity purified rabbit anti-dyna-
demonstrates that Dap160 scaffolds the periactive zone min, anti-Dap160 and anti-Intersectin antibodies (Roos and Kelly, 1998;
region of the Drosophila NMJ. Interestingly, Dap160 not Zamanian and Kelly, 2003) were used at 1:200. The Guinea pig anti-
endophilin (1:1000), the Rat anti-AP180 (1:100), and the Rabbit anti-only scaffolds the endocytic machinery to the periactive
Synj (1:200) were gifts from Hugo Bellen. The Rat anti-Nwk (1:1000)zone, necessary for efficient synaptic vesicle endocyto-
was a gift from Barry Ganetzky. Secondary antibodies (FITC labeled,sis, but also appears to organize essential morphoregu-
TRITC labeled, Cy5 labeled) anti-mouse, anti-rabbit, and anti-guinealatory signaling necessary for normal synapse develop-
pig as well as the TRITC-conjugated anti-HRP antibodies were pro-
ment. A challenge for the future will be to determine vided by Jackson Immunoresearch Laboratories and used at 1:200,
whether Dap160 functions to passively organize inde- 1 hr at room temperature.
pendent signaling systems within the periactive zone
or whether Dap160 may facilitate interactions among Imaging and Quantification
When fluorescence intensities of different mutants and wild-typedifferent signaling systems within the periactive zone,
genotypes were compared, the larval fillets were processed in theas has been suggested by work in vertebrate cell culture
same tube, treated identically, and imaged using the same settings.(Zamanian and Kelly, 2003). In such a model, Dap160
Images were captured using an Axiovert 200 (Zeiss) inverted micro-
could function as an interface between the signaling scope and a cooled CCD camera. Individual entire muscle 4 NMJ
systems that control morphological synapse develop- synapses were optically sectioned (0.2 	m; series of 12 to 18 sec-
ment and vesicle recycling necessary for normal synap- tions per synapse) using a piezo-electric z-drive. A 2D projection
was generated that projected the pixel of maximal intensity foundtic function.
within the series of sections. The average fluorescence of the 2D
projection was calculated over the entire synaptic area. HardwareExperimental Procedures
and software analysis was driven by Intelligent Imaging Innovations
(3I) software. The fluorescence intensity values we present representIsolation of a Dap160 Mutant
the difference between the synaptic intensity and muscle intensityEP(2)2543 was identified as a homozygous viable P element inser-
(F) over the intensity of the muscle (F) normalized to wild-typetion in the 5UTR region of the dap160 locus, 451 bp upstream of
values. Methodology for quantification of satellite bouton numberthe start ATG in the second exon. Male recombination as described
is detailed in the text (see Figure 8).by Preston et al. (1996) was used to delete 3 sequence flanking
EP(2)2543. In brief, EP(2)2543 was recombined onto a chromosome
marked with the recessive markers al, dp, b, px, and sp. Males of FM4-64 Uptake Experiments
The motor nerve was stimulated for 1 min at 30 Hz in HL3 salinethe genotype w-; al, dp, b, EP(2)2543, px, sp/; Ki, 2-3/ were
crossed to females of the genotype w-; al, dp, b, px, sp/ al, dp, b, containing 0.5 mM Ca2 and 10 	M FM4-64 (Molecular Probes). The
preparation was then washed repeatedly in Ca2-free HL3 for 5px, sp and the resulting progeny screened for the presence of b
flies. Nine potential recombinants were tested by PCR for the loss min, prior to imaging the synapse. To analyze FM4-64 uptake, we
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calculated the mean intensity of the fluorescence at the synapse. J.T., and Ganetzky, B. (2004). Nervous wreck, an SH3 adaptor pro-
tein that interacts with Wsp, regulates synaptic growth in Drosophila.We then selected a small region of interest over the muscle back-
ground, and the mean intensity of this region was subtracted from Neuron 41, 521–534.
the synapse intensity to correct for variability in background FM4- Davis, G.W., and Goodman, C.S. (1998). Synapse-specific control
64 levels. of synaptic efficacy at the terminals of a single neuron. Nature
392, 82–86.
Electrophysiology
Davis, G.W., Schuster, C.M., and Goodman, C.S. (1996). Genetic
Third instar larvae were selected and dissected according to pre-
dissection of structural and functional components of synaptic plas-
viously published techniques (Davis et al., 1996; Marek et al., 2000;
ticity III: CREB is necessary for presynaptic functional plasticity.
Paradis et al., 2001; Eaton et al., 2002). Whole-muscle recordings
Neuron 17, 668–678.
were performed on muscle 6 in abdominal segment A3 using sharp
Davis, G.W., Schuster, C.M., and Goodman, C.S. (1997). Geneticmicroelectrodes (12–16 M). Recordings were selected for analysis
analysis of the mechanisms controlling target selection: target-only with resting membrane potentials more hyperpolarized than
derived Fasciclin II regulates the pattern of synapse formation. Neu-60 mV and with input resistances greater than 5 M. The average
ron 19, 561–573.spontaneous mEPSP amplitude was quantified by measuring the
amplitude of 100–200 individual spontaneous release events per Dustin, M.L., and Colman, D.R. (2002). Neural and immunological
synapse. The average per-synapse mEPSP amplitudes were then synaptic relations. Science 298, 785–789.
averaged for each genotype (Davis et al., 1996; Marek et al., 2000; Eaton, B.A., Fetter, R.D., and Davis, G.W. (2002). Dynactin is neces-
Paradis et al., 2001; Eaton et al., 2002). Measurement of mEPSP sary for synapse stabilization. Neuron 3, 729–741.
amplitudes was semiautomated (Synaptosoft). The average super-
El-Husseini Ael-D, Schnell, E., Dakoji, S., Sweeney, N., Zhou, Q.,threshold evoked EPSP amplitude was calculated for each synapse,
Prange, O., Gauthier-Campbell, C., Aguilera-Moreno, A., Nicoll, R.A.,ensuring that both motor axons innervating muscle 6 in segment
and Bredt, D.S. (2002). Synaptic strength regulated by palmitateA3 were recruited. Quantal content was calculated as the average
cycling on PSD-95. Cell 108, 849–63.EPSP amplitude divided by the average mEPSP amplitude. Quantal
Goda, Y., and Davis, G.W. (2003). Mechanisms of synapse assemblycontent was determined for each synapse and then averaged across
and disassembly. Neuron 40, 243–264.synapses to generate the average quantal content for each geno-
type. Data for steady-state synaptic transmission were acquired in Hussain, N.K., Yamabhai, M., Ramjaun, A.R., Guy, A.M., Baranes,
HL3 saline (0.5 mM extracellular calcium). For experiments examin- D., O’Bryan, J.P., Der, C.J., Kay, B.K., and McPherson, P.S. (1999).
ing synaptic depression during sustained nerve stimulation, syn- Splice variants of intersectin are components of the endocytic ma-
apses were recorded in HL3 saline (2 mM extracellular calcium, as chinery in neurons and nonneuronal cells. J. Biol. Chem. 274, 15671–
indicated). Recordings were selected for analysis when the resting 15677.
membrane potential did not change by more than 10 mV over the Hussain, N.K., Jenna, S., Glogauer, M., Quinn, C.C., Wasiak, S.,
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